Animals and plants are increasingly suffering from diseases caused by fungi and oomycetes. These emerging pathogens are now recognized as a global threat to biodiversity and food security. Among oomycetes, Saprolegnia species cause significant declines in fish and amphibian populations. Fish eggs have an immature adaptive immune system and depend on nonspecific innate defences to ward off pathogens. Here, meta-taxonomic analyses revealed that Atlantic salmon eggs are home to diverse fungal, oomycete and bacterial communities. Although virulent Saprolegnia isolates were found in all salmon egg samples, a low incidence of Saprolegniosis was strongly correlated with a high richness and abundance of specific commensal Actinobacteria, with the genus Frondihabitans (Microbacteriaceae) effectively inhibiting attachment of Saprolegniato salmon eggs. These results highlight that fundamental insights into microbial landscapes of fish eggs may provide new sustainable means to mitigate emerging diseases.
Introduction
Fungal diseases that were previously not considered as major threats to ecosystem functioning are now causing severe ecological disruption (Fisher et al., 2012) . Among the fungi, Fusarium solani is causing mass mortality in eggs of endangered sea turtles in Cape Verde (Sarmiento-Ramirez et al., 2010) , and Batrachochytrium dendrobatidis and Batrachochytrium salmandrivorans are involved in major amphibian declines worldwide Martel et al., 2013) . Among the fungal-like oomycetes, Aphanomyces astaci, Aphanomyces invadans and Saprolegnia species are causing significant reductions in crayfish, fish and amphibian populations (Fernandez-Beneitez et al., 2008; Phillips et al., 2008; Krugner-Higby et al., 2010; Bruno et al., 2011; Van den Berg et al., 2013) , respectively. Saprolegniosis is a major disease problem in different wild and farmed fish species, including salmonid species such as Atlantic salmon, rainbow and brown trout, and non-salmonid species including perch, eels and catfish (Bruno et al., 2011) . This disease is characterized by white and grey patches of mycelial growth on the skin and fins of adult fish, and cottonlike filamentous mycelium on eggs. In fish, death often occurs from disruption of the osmotic balance (haemodilution) following destruction of large areas of the epidermis by massive, invasive hyphal growth (Bruno et al., 2011) . Fish eggs, on the other hand, are thought to be killed by hyphal breaching of the chorionic membrane regulating the osmosis of the embryo. Saprolegnia species can produce flagellated zoospores to disperse in the aquatic environment. Saprolegnia also forms secondary zoospores and secondary cysts that, for some species, contain boathooks that are presumed to aid in attachment to the fish skin or promote floating (buoyancy) in water ( Van den Berg et al., 2013) . Losses resulting from Saprolegniosis average 10% in eggs and young fish, but losses of up to 50% have been reported Hoshiai, 1992, 1994; Bruno et al., 2011; Van den Berg et al., 2013) .
To control and prevent the spread of emerging pathogens, several conservation and disease mitigation strategies have been proposed because a singular solution is doubtful given the rich diversity of fish and amphibian habitats . In aquaculture, immunization and chemical control are among the preferred approaches to mitigate diseases (Bruno et al., 2011; Van den Berg et al., 2013) . For Saprolegniosis, however, no effective immunization is currently available and nonspecific chemical agents such as malachite green and formalin have been or will be banned, leading to a dramatic re-emergence of Saprolegniosis. Habitat bioaugmentation and introduction of protective microbiota have been proposed as potential strategies to rescue and protect fish and amphibians from emerging disease. Over the past years, several studies have unequivocally shown that microbes play a pivotal role in the protection of eukaryotes (humans, plants and insects) against pathogens (Round et al., 2010; Mendes et al., 2011; Weiss and Aksoy, 2011; Everard et al., 2013; Stecher et al., 2013; Turner et al., 2013) . For fish and amphibians, microbiome studies have only been initiated recently (Cahill, 1990; Hansen and Olafsen, 1999; Schulze et al., 2006; McKenzie et al., 2012) . Several studies have indicated that specific bacteria can contribute to the protection of fish and amphibians against fungal and oomycete pathogens. This was shown for Janthinobacterium lividum, a bacterium that was isolated from frog skin and provided protection against B. dendrobatidis (Harris et al., 2009) .
Here, we deciphered the microbiome of Atlantic salmon eggs and determined how Saprolegniosis affects the structure (richness, evenness) of fungal, oomycete and bacterial communities, with the ultimate goal to identify commensal microbes that prevent or delay disease onset and/or development.
Materials and methods
Salmon egg sample collection for microbial community analysis Atlantic salmon (Salmo salar L.) eyed eggs and the incubation water from each of the tanks were collected separately from a commercial hatchery in Scotland. The eggs were spawned in November 2010 and incubated in a flow-through system at a flow rate of 25-30 l s À 1 at 3-5 1C. The water source for the incubation of the salmon eggs is a catchment area that is an upland peat moor with conifer plantations, grazing cattle, sheep and wild animals, B3 km from the hatchery and is delivered via a hydroelectric scheme using a hill loch as a source. Before the water enters the egg incubators, it is filtered through a 10-mm filter and a carbon filter and is subsequently treated with ultraviolet light for a few seconds. Eggs received a 1-h 1000 p.p.m. formalin bath treatment weekly, and were collected on 14 February 2011. For more details on each of the 12 egg samples, see Supplementary Table 1 . The microbial community was obtained by shaking the eggs and incubator water at 180 r.p.m. at 6 1C for 12 h, and subsequent centrifugation of the water at 24 000 Â g at 4 1C for 20 min. Cell pellets were resuspended in sterile demineralized water, concentrating the original sample 30-80 times, and stored at À 80 1C before DNA isolation. One aliquot was stored at À 80 1C in 20% (v/v) glycerol for bacterial isolation (Supplementary Figure 1) .
Scanning electron microscopy
A selection of salmon egg samples showing visual signs of Saprolegnia infection were collected and stored in a 1% gluteraldehyde and 4% formalin solution. Subsequently, samples were fixed in 2.5% gluteraldehyde and then treated with 1% osmium tetroxide for 1 h. Samples were dehydrated with alcohol and subsequently dried using hexamethyldisilazane. Dried samples were coated in gold using an EMitech Limited (Ashford, UK) K550 sputter coater. Coated samples were viewed in a Zeiss (Oberkochen, Germany) EVO MA10 scanning electron microscope at 10 kV.
Metagenomic DNA isolation and storage DNA was isolated from the pellet suspensions (described above) in duplicate with PowerSoil DNA isolation kit (MO BIO Laboratories, Inc., Carlsbad, CA, USA) according to the manufacturer's instructions. Duplicate DNA extracts were pooled and an aliquot was analysed on a 0.8% (w/v) agarose gel with SmartLadder MW-1700-10 (Eurogentec, Seraing, Belgium) as a size marker. The DNA concentration was measured with a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). DNA samples were stored at À 80 1C.
PhyloChip analysis
PhyloChip analysis of the bacterial and archaeal community structure of each sample (B0.5 mg DNA) was conducted at Second Genome (South San Francisco, CA, USA). Sample and data processing and data reduction were performed as described previously (Hazen et al., 2010) . Annotation of operational taxonomic units (OTUs) was performed based on the Greengenes database (McDonald et al., 2012) . Cluster analysis with Bray-Curtis similarity measures was performed in Primer-E v6.1.13 (Primer-E Ltd, Ivybridge, UK). Nonmetric multidimensional scaling and analysis of similarity (Ramette, 2007) were performed in Paleontological Statistics freeware package (PAST v2.10, http:// folk.uio.no/ohammer/past/) (Hammer et al., 2001) .
Clone library sequencing of oomycete and fungal communities The internal transcribed spacer (ITS) region of fungal and oomycete rRNA genes was PCR amplified with primers ITS1F and ITS4 (White et al., 1990; Gardes and Bruns, 1993) , and Oom-Up5.8S (5 0 -TGCGATACGTAATGCGAATT-3 0 ) and Oom-Lo28S (5 0 -ACTTGTTCGCTATCGGTCTCGCA-3 0 ) (Mazzola et al., 2002; Tambong et al., 2006) , respectively. Amplification reactions were conducted in 50 ml volumes with Taq DNA polymerase (Invitrogen, Grand Island, NY, USA) according to the manufacturer's instructions with 1 ml DNA (5-10 ng), 1 cycle at 94 1C for 3 min, 40 cycles at 94 1C for 1 min, 50 1C for 45 s, 72 1C for 1 min and 1 cycle at 72 1C for 7 min. The dominant representatives of fungal and oomycete populations were determined by sequencing clone libraries. Amplicons were cloned into the TOPO-TA vector and transformed into chemically competent Escherichia coli Top10 cells according to the manufacturer's protocol (Invitrogen). Inserts were PCR amplified from intact cells using primer pair M13F/M13R and purified with ExoSAP-IT (USB, Cleveland, OH, USA) according to the manufacturer's instructions. A total of 20 and 5-6 clones per sample were selected for fungal and oomycete amplicon sequencing, respectively, with primer T7 and GenomeLab DTCS Quick Start Kit using the Beckman Coulter CEQ 8000 Genetic Analysis system (Beckman Coulter, Brea, CA, USA). Sequences of at least 400 bp were analysed by BLASTn (Altschul et al., 1990) on the National Center for Biotechnology Information (NCBI) database website (www.ncbi.nlm.nih.gov/). A cutoff of 493% identity and a 400-bp alignment length were used for identification (Pounder et al., 2007; Nilsson et al., 2008) .
T-RFLP analysis of fungal community
Fluorescently labelled PCR products of the ITS region were generated using the D4-labelled ITS1F primer in conjunction with D3-labelled ITS4 primer. PCR was performed in quadruplicate 25 ml reactions containing 1 Â Promega PCR Master mix (Promega, Madison, WI, USA), 200 mM primer, 4 mg ml À 1 bovine serum albumin and 0.1-0.5 ml DNA template (0.5-5 ng) with above-mentioned cycling conditions. PCR products were digested in duplicate reactions with 10 U of the restriction endonucleases HaeIII and HhaI at 37 1C for 6 h. Restriction enzymes were heat inactivated at 80 1C for 10 min. Restriction fragments were purified by ethanol precipitation and fragments were resuspended in 40 ml of sample loading solution and 0.25 ml 600 size standards. Terminal restriction fragment length polymorphism (T-RFLP) fragments were separated using the CEQ 8000 Genetic Analysis System with denaturation for 120 s at 90 1C, injection for 15 s at 2 kV, separation for 90 min at 4.8 kV and a capillary temperature of 50 1C. T-RFLP profiles were analysed using the Fragment Analysis Module of the CEQ 8000 Genetic Analysis Software, with a slope threshold of 10, 1% relative peak height threshold, 95% confidence level, quartic calibration curve with PA, ver. 1, dye mobility calibration and calculated dye spectra. The baseline value was set to exclude background peaks that commonly occurred in tandem with the DNA standard peaks. Fragments were binned with a 1-bp margin using the AFLP tool in the Fragment Analysis software. Profiles that consisted of mean fragment length and fluorescence intensities were generated for each sample. As different amounts of DNA were used for amplification between samples, no accurate analysis of T-RF abundance could be carried out and we analysed the data only on the presence/absence of T-RF peaks. Cluster analysis was performed as mentioned above.
Isolation of oomycetes and fungi from salmon eggs Per sample, one to two salmon eggs were placed on potato dextrose agar (PDA, Oxoid, Hampshire, UK). The cultures were incubated for 2 weeks at room temperature (20±1 1C) and for 17-18 days at 18 1C. The oomycete and fungal isolates were purified by subculturing hyphal tips three times on fresh PDA supplemented with 100 mg ml À 1 streptomycin and 50 mg ml À 1 tetracycline.
ITS sequencing and phylogenetic analysis of oomycete isolates For genomic DNA extraction, hyphae were harvested in 90 ml of 0.5 M NaOH and disrupted by Mixer Mill MM400 (Retsch, Haan, Germany) at a frequency of 30/s for 35 s in the presence of one sterile glass bead. The tube was placed at room temperature for 30 min to 24 h until complete cell wall disruption. The hyphal suspension was diluted with sterile 0.1 M Tris-HCl (pH 7.0) and ITS rRNA genes were amplified with ITS1 and ITS4 primers in 25 ml volumes, each consisting of 2 ml of diluted DNA template with GoTaq DNA polymerase (Promega) according to the manufacturer's protocol. v1.5 (Rambaut and Drummond, 2007) . A burn-in of 2 million generations was discarded after checking for stability on the log-likelihood curves, and the remaining trees from the independent runs were combined to build a 50% majority-rule consensus tree. The evolutionary model used for the molecular data in MrBayes was HKY þ G and was obtained by running the data sets in jModelTest 2 (Darriba et al., 2012) . Maximum Likelihood inference analysis was carried out with RaxmlGUI v7.4.2 (Silvestro and Michalak, 2012 ) with a random starting tree, included the GTRGAMMA option and employed the rapid hill-climbing algorithm (Stamatakis et al., 2007) . Clade support was assessed with 1000 bootstrap replicates, with the rapid-hill climbing algorithm (Stamatakis et al., 2008) . Phylogram trees were visualized with FigTree (tree.bio.ed.ac.uk/software/ figtree/).
Isolation, in vitro activity and identification of Actinobacterial isolates
Cell pellets obtained from the salmon eggs samples and stored in 20% glycerol at À 80 1C were resuspended in sterile demineralized water and dilution plated on humic acid-vitamin (HA) and starch agar (GA) modified from Zhang (1990) . Plates were incubated at 30 1C and bacterial colony-forming units were determined after 6 weeks. HA medium, modified from Hayakawa and Nonomura (1987) , contained 1.0 g l À 1 humic acid (dissolved in 10 ml of 0.2 N NaCl), 0.5 g l (Zhang, 1990) 
FeSO 4 .7H 2 O and 18.0 g l À 1 agar. Both HA and GA were pH adjusted to 7.0-7.4 and were supplemented with 1 ml l À 1 of B vitamin solution, 20 mg ml À 1 nalidixic acid, 20 mg ml À 1 Trimethoprim and 100 mg ml
Delvocid after autoclaving. B vitamin solution (Nonomura and Ohara, 1969) (suspended in Milli-Q water) included 0.5 mg ml À 1 of thiamine hydrochloride, riboflavin, nicotinic acid, pyridoxine hydrochloride, myo-inositol, calcium pantothenate and 4-aminobenzoic acid and 0.25 mg ml À 1 D( þ )-biotin. From each sample, 40 single colonies were randomly isolated at different time points from both media and purified on GA or tryptone soya broth (Oxoid) supplemented with 10% sucrose (TSBS) with or without 1.8% (w/v) agar. Isolates were stored at À 20 1C and À 80 1C in 20-40% glycerol. In vitro antagonistic activity of the isolates against Saprolegnia diclina 1152F4 was determined by placing an agar plug of each Actinobacterial isolate at the edge of 1/5th strength PDA plates. After incubation at 30 1C for 7-10 days, an agar plug from a fresh S. diclina 1152F4 culture was placed in the centre of the plate. Plates were incubated for 4-5 days at 25 1C and inhibition of hyphal growth was scored. For DNA isolation, Actinobacterial cells were disrupted by incubation of 50 ml TSBS culture at 95 1C for 10 min and PCR was performed with Actinobacterial-specific primers Com2xf (5 0 -AAACTCAAAGGAATTGACGG-3 0 ) and Ac1186r (5 0 -CTTCCTCCGAGTTGACCC-3 0 ) (Schäfer et al., 2010) . Amplification reactions were conducted in 25 ml volumes using GoTaq DNA polymerase (Promega) 
edu/).
Among the 526 Actinobacterial OTUs with significant differential abundance based on the PhyloChip analyses, the 16S rRNA sequences (X850 bp) of 413 OTUs were downloaded from the Greengenes database. These sequences were subjected to phylogenetic analysis with ClustalW in MEGA5 (Tamura et al., 2011) to generate a neighbour-joining (Saitou and Nei, 1987) consensus tree with 1000 bootstrap replicates (Felsenstein, 1985) . The evolutionary distances were analysed by Tamura-Nei model (Tamura and Nei, 1993 ) and the evolutionary rates among sites were modelled by a gamma distribution.
Salmon eggs for in vivo experiments
Atlantic salmon (Salmo salar L.) eyed eggs of strain AquaGen Atlantic QTL-innOva IPN from AquaGen AS (Trondheim, Norway) were used for the in vivo experiments. Salmon egg ages at the day of shipment were as follows: for the pathogenicity assay of Saprolegnia isolates, the eggs were 385 degree-days; for the in vivo assays with the Actinobacterial isolates, the eggs were 320 degree-days. All egg batches were disinfected during incubation and before transport with buffodine (1:100, 10 min) and treated with formalin according to Aquagen's inhouse protocols. Upon arrival, blank, pin-eyed and white eggs were removed if observed.
Preparation of Saprolegnia inocula and pathogenicity assays Live eggs were placed in 97-98 1C sterile distilled water or well water and incubated for 80-150 s. The resulting dead eggs were drained and placed on PDA agar plates overgrown with Saprolegnia isolates and incubated overnight at 25 1C. Each egg was then transferred into a well of a 24-well cell-culture plate (Greiner Bio-One, Kremsmü nster, Austria) and further incubated for 1 day at 15-25 1C until Saprolegnia hyphal colonization was visible. The slow-growing Saprolegnia isolates 746F3 and 736F2 were further incubated for 2 and 4 days, respectively. After overnight acclimatization of the live eggs, two Saprolegnia-infected dead salmon eggs (inocula) were added to each cup containing 30 live eggs in a similar setup as described in Figure 4c , with the exception that here 3 l of dechlorinated Norwegian tap water, and not well water, was used. Isolate 736F2 was added to the salmon eggs 2 days later as this isolate was a slow grower. Each treatment consisted of an incubator containing three cups with 30 salmon eggs each. In the control treatment no Saprolegnia was added. The water temperature was maintained at 10±1 1C by adding ice blocks into each incubation unit every 12 h. After 8 days post inoculation(6 days post inoculation for isolate 736F2), the mortality percentage of the salmon eggs was determined visually.
In vivo bioassays to test disease suppression by Actinobacteria The incubation setup (Supplementary Figure 4) was located in a ventilated room of constant 15 1C ambient temperature. The egg incubation units, containing 2 l of well water (Supplementary Table 6 ), were randomly distributed in an incubation tank with circulating water of 5-7 1C. Polystyrene panels were used to cover the incubation tank to maintain darkness and insulation without blocking aeration. Each incubation unit was aerated with an air stone connected to an air pump. Dissolved oxygen levels and temperature, measured with a pH/Oxi 340i multi-parameter instrument (WTW GmbH, Weilheim, Germany), ranged from 101.8% to 103.4% and from 5.7 1C to 6.4 1C, respectively. Within each egg incubation unit, 51 ± 1 live eggs were placed in perforated plastic cups in triplicate. The cups were stabilized by placing a Petri dish (145 mm diameter) and a weight on top. The eggs were introduced into each incubation unit immediately after arrival from Norway and allowed to acclimatize and rehydrate overnight.
Actinobacterial isolates were inoculated in TSBS and incubated at 30 1C at 200 r.p.m. for 2-4 days. Cultures were centrifuged at 3400 Â g for 5-15 min at room temperature. The cell pellets were washed and resuspended in sterile well water and OD 600 values determined by spectrophotometry for the Frondihabitans sp. and Arthrobacter sp. For the Streptomyces isolates, the OD 600 could not be determined because of aggregation of cells. Approximate equal amounts of cells were determined based on an estimate of the size of the cell pellet after centrifugation. On day 1, the Frondihabitans sp. and Arthrobacter sp. were added to the incubation units at a final concentration of 10 7 cells per ml or 0.5 ml and 1.5 ml of Streptomyces sp. 1 and 2, respectively. In the consortium of all four isolates, one quarter of the cell suspensions of each bacterium was added. After 3 days of incubation, two S. diclina 1152F4 inocula were placed at opposite sides in each cup. As control treatments, salmon eggs were treated with S. diclina only or with malachite green and S. diclina. Each treatment was conducted in duplicate, that is, two independent experimental incubation units with three technical replicates per incubation unit. For those eggs that received malachite green treatment, the eggs were placed in 1.5 l of 2 p.p.m. malachite green solution for 60-70 min with aeration. Subsequently, eggs were gently rinsed in 500 ml fresh well water and placed back into their incubation units. This was repeated every 4 days, replacing the incubation unit water with fresh well water. Hyphal expansion was photographed and assessed every other day. Based on the photos of each group of eggs, ImageJ v1.44n (Schneider et al., 2012) was used to measure the diameter of hyphal expansion. As a proxy for infection of salmon eggs by Saprolegnia, we determined hyphal attachment by lifting infection inocula with a pair of tweezers and counting the number of eggs attached to the hyphal patch (Supplementary Movie 1) . Hyphal attachment was determined at day 14 (10 days post inoculation) when attachment in the control, S. diclina only, was 450% (Supplementary Table 5 ).
Nucleotide sequence accession numbers
The sequences of the 16S rRNA sequences of Frondihabitans sp., Arthrobacter sp. and Streptomyces sp. 1 and 2 have been deposited in GenBank under accession numbers KF741274, KF741275, KF741276 and KF741277, respectively.
Colonization of Actinobacteria on the egg surface
Colonization of the applied Actinobacterial isolates on the salmon egg surfaces was determined by harvesting one to two eggs from each cup at 0 and 10 days post inoculation, rinsing with 1 ml of sterile well water three times, draining briefly on sterile filter paper and rolling gently over the surface of HA and GA agar plates (Supplementary Movie 2). All plates were incubated at 30 1C for 5-6 weeks, and 2-8 colonies that were morphologically similar to each of the four isolates used for inoculation were purified and subjected to 16S rRNA sequencing.
Statistical analyses
For each experiment, obtained data were tested for normal distribution and homogeneity of variances before conducting parametric or nonparametric statistical analyses. Disease incidence of salmon egg samples was analysed with Mann-Whitney U-test (Po0.05). The pathogenicity of Saprolegnia isolates were compared with one-way analysis of variance and with post hoc Dunnett analysis (Po0.05). Cluster analysis and nonmetric multidimensional scaling and analysis of similarity of T-RFLP-derived data for the fungal community and PhyloChipderived data for the bacterial and archaeal communities were conducted using Bray-Curtis similarity measures in Primer-E and in PAST. The differences in total number of bacterial and archaeal OTUs associated with diseased versus healthy eggs was analysed by Student's t-test (P40.05). Phylogenetic groups containing OTUs that have a significant differential abundance between diseased and healthy eggs were identified with Student's t-test (Po0.005) in Microsoft Excel. Percentage of hyphal attachment was analysed with Kruskal-Wallis oneway analysis of variance (Po0.05). Area under hyphal expansion curve and area under hatching percentage curve of different treatments in the bioassay were compared with Kruskal-Wallis oneway analysis of variance (Po0.05). All statistical analyses were performed in IBM SPSS Statistics v20 (Armonk, NY, USA), unless mentioned otherwise.
Results and discussion
We conducted a meta-taxonomic microbiome analysis of 12 salmon egg batches from a Scottish salmon hatchery (Supplementary Figure 1 and Supplementary Methods). In hatcheries, certain salmon egg batches become infected with Saprolegnia, whereas others remain unaffected. Here, six of the sampled egg batches were selected based on a high incidence of Saprolegniosis and six based on a low disease incidence (Figure 1 and Supplementary Figure 1) . From this point onwards, these two distinct sample sets are referred to as 'diseased' and 'healthy', respectively. Both sets, containing eggs from the same broodstock, received water from the same source, were all incubated at average temperatures ranging from 3 1C to 5 1C, and were all sampled at B85 days after fertilization (Supplementary Table 1) . Total DNA was extracted from the microbiota present in the pellets obtained from each of the 12 egg samples and subjected to meta-taxonomic analyses (Supplementary Figure 1 and Supplementary Methods).
Clone library sequencing of oomycete-specific ribosomal ITS amplicons showed the presence of Saprolegnia, Achlya and Aphanomyces (all belonging to the order Saprolegniales) in both diseased and healthy samples (Figure 2a) . Achlya species have been described for diseased fish in natural environments (Jeney and Jeney, 1995; Kales et al., 2007; Sosa et al., 2007) , and A. invadans is a notorious pathogen of different natural and farmed fish species worldwide, except in Europe and South America (Oidtmann, 2012) . Both Achlya and Aphanomyces spp. have been isolated from eggs of sea trout (Salmo trutta m. trutta) in Polish rivers (Czeczuga et al., 2005) and from eggs of salmonids in Japan (Kitancharoen and Hatai, 1997) . To date, however, no reports have indicated that Achlya or Aphanomyces are pathogenic for Atlantic salmon. Achlya or Aphanomyces were not present among the population of oomycetes isolated from the salmon eggs. Therefore, their effects on salmon eggs could not be resolved. 
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For Saprolegnia species, a similar number of sequenced clones was found in diseased and healthy eggs (52% and 50%, respectively; Figure 2a ). To better characterize the Saprolegnia species, eggs from both sample sets were placed on agar media to allow outgrowth of the oomycetes. Subsequent purification and ITS sequencing of 31 randomly selected oomycete isolates showed that the majority were S. diclina, with no distinct phylogenetic differences between the Saprolegnia isolates from diseased and healthy samples (Figure 2b) . Furthermore, when Saprolegnia isolates from the different phylogenetic clades were tested for pathogenicity on salmon eggs, equal levels of mortality were observed for eggs inoculated with Saprolegnia isolates from diseased or from healthy egg samples (Figure 2b) . Collectively, these results indicate that the difference in incidence of Saprolegniosis between the two sets of salmon egg samples from the commercial hatchery cannot be explained by differences in population structure or pathogenicity of the Saprolegnia species present in both sample sets.
Hierarchical cluster analyses of the T-RFLP data revealed no distinct differences between the fungal community from diseased or healthy salmon eggs (Figure 3b and Supplementary Figure 2a) . Further ITS-clone library sequencing showed that the fungal community associated with diseased and healthy salmon egg samples was dominated by the Ascomycota (Figure 3a) , mainly Microdochium (Supplementary Table 2 ). Microdochium species, known as snow moulds (Matsumoto, 2009) , are pathogenic to cereals but also contain endophytic members that may have beneficial effects on plants (Ernst et al., 2011) . For aquatic ecosystems, however, no records exist of the presence of Microdochium. Chytriomyces was only detected in the diseased egg samples, and Mortierella and Microdochium species were more abundant in diseased samples (Supplementary Table 2 ). These fungi have not been previously associated with salmon eggs or with Saprolegniosis. In addition, Spirosphaera and Saccharicola, the fungal genera that were only detected in healthy egg samples, have not yet been described for salmon eggs. Spirosphaera spp. are known to decompose submerged plant litter (Voglmayr, 2004) , whereas some Saccharicola species (S. bicolor) cause disease in sugarcane (Eriksson and Hawksworth, 2003) .
PhyloChip (DeAngelis et al., 2009; Hazen et al., 2010) -based meta-taxonomic analysis of the bacterial community revealed a total of 31 278 bacterial and 3 archaeal OTUs. Although 16S rDNA amplicon pyrosequencing is less biased towards detecting unknown species (DeSantis et al., 2007; Kunin et al., 2010) , the PhyloChip technique allows detection of a large number of bacterial taxa including less abundant taxa. A study on lignin-degrading microbes showed that the microbial community profiles obtained by the PhyloChip technique and pyrosequencing were well comparable (DeAngelis et al., 2011) . The overall distribution of the four most dominant bacterial phyla for the salmon egg samples ranged from 9% for the Bacteroidetes to 12%, 24% and 44% for the Actinobacteria, (4684) were exclusively found in healthy samples, especially taxa belonging to the phylum Actinobacteria, that is, Streptomycetaceae, Microbacteriaceae and Micrococcaceae (Figure 3c and Supplementary  Table 3 ). Along with differences in richness, the relative abundance of the detected bacterial taxa also resulted in a clear discrimination between the diseased and healthy samples, except for sample 12 (healthy) that appeared to be more distinct from all other (healthy) samples (Figure 3d and Supplementary Figure 2b) . A total of 4029 OTUs were significantly different in abundance between (Figure 3e ). OTUs that were significantly more abundant in the diseased samples belonged to the Enterobacteriales, Clostridiales, Alteromonadales, Vibrionales and Aeromonadales (Figure 3e ) and comprised several bacterial pathogens, including Vibrio spp. (Frans et al., 2011) , Aeromonas spp. (Beaz-Hidalgo and Figueras, 2013) and Yersinia spp. (Tobback et al., 2007) that are common to salmon and other fish species. It is generally believed that Saprolegnia behaves as an opportunistic pathogen, infecting upon injury, stress or other infections (Stueland et al., 2005; Bruno et al., 2011) . However, several papers have also reported that Saprolegnia acts as a primary infection agent in eggs and adult fish (Bruno et al., 2011) . Thus, whether these potentially pathogenic bacterial taxa were initially present and predisposed the eggs for Saprolegnia infection or infection of the salmon eggs by Saprolegnia led to proliferation of these opportunistic pathogenic bacteria remains to be resolved.
Most of the OTUs that were significantly more abundant in healthy samples belonged to the orders Actinomycetales and Burkholderiales (Figure 3e ). In fungal gardens of ants, Actinobacteria were identified that protect the ant colony from a parasitic black fungus (Phialophora sp.) (Caldera et al., 2009) . Actinobacteria are prolific producers of an array of antimicrobial compounds and have been suggested as probiotic agents in aquaculture (Verschuere et al., 2000; Das et al., 2008; Dharmaraj, 2010) . To study the potential role of the differentially abundant Actinobacterial taxa in protection of salmon eggs against Saprolegnia infections (Figure 3e ), a total of 354 Actinobacteria were isolated from the diseased and healthy egg samples on two different media that are semiselective for Actinobacteria (Supplementary  Table 4 ). Isolates were subcultured, purified, characterized by 16S rRNA sequencing and tested for in vitro and in vivo activity against S. diclina. Most of the cultured isolates belonged to the families Microbacteriaceae, Micrococcaceae and Streptomycetaceae and, considering their 16S rRNA-based phylogeny, were in the same clades as the differentially abundant OTUs detected by the culture-independent PhyloChip analysis (Supplementary Figure 3) . OTUs detected only by PhyloChip and not by isolation belonged to Corynebacteriaceae, Dermabacteraceae, Thermomonosporaceae and Streptosporangiaceae among others.
The results of the in vitro dual culture plate assays showed that 6.9% and 12.3% of the Actinobacterial isolates from diseased and healthy samples, respectively, inhibited hyphal growth of S. diclina. For the in vivo assays with salmon eggs, we selected four bacterial isolates from the obtained Actinobacterial collection belonging to clades with OTUs that were significantly more abundant in the healthy salmon egg samples (Figure 3e and Supplementary  Figure 3) . Two isolates belonged to the genera Frondihabitans (Microbacteriaceae) and Arthrobacter (Micrococcaceae), and two isolates to Streptomyces (Streptomycetaceae) (Figure 4a ). The two Streptomyces isolates inhibited in vitro hyphal growth of S. diclina, whereas Arthrobacter and Frondihabitans were not inhibitory (Figure 4b ). For the in vivo assays, salmon eggs were transferred to aerated cups inside a unit cooled to 5-7 1C and preincubated for 3 days with each of the bacterial isolates at an initial density of B10 7 cells per ml. Two heat-killed eggs overgrown with S. diclina were then placed in each cup serving as the inoculum source for pathogen outgrowth and attachment (Figure 4c and Supplementary Figure 4) . After 10 days of incubation, none of the four selected Actinobacterial isolates reduced radial outgrowth of S. diclina from the inoculum source (Supplementary Figure 5a) . However, the Frondihabitans isolate significantly inhibited hyphal attachment to the salmon eggs (Figure 4d and Supplementary Movie 1), even under high disease levels where malachite green treatment did not provide 100% control (Figure 4d ). This suppressive effect was not observed for the Streptomyces and Arthrobacter isolates. When a consortium of all four isolates was tested, hyphal attachment was inhibited to the same level as obtained with the Frondihabitans isolate alone (Figure 4d ). Subsequent analysis of the bacterial community associated with the salmon eggs (see Supplementary Movie 2) showed that, based on colony morphology and 16S rRNA sequencing, the majority of the obtained colonies were indeed the Actinobacterial isolates initially applied to the salmon eggs. In the absence of S. diclina, stressassociated hatching (Czerkies et al., 2001 ) of the salmon eggs was observed for one of the Streptomyces isolates but not for Frondihabitans, Arthrobacter or other Streptomyces isolates ( Supplementary Figures  5b and c) . None of the bacterial isolates exhibited adverse effects on alevin survival or morphology (data not shown). Collectively, these results highlight that insights into the microbial landscapes of salmon eggs allows for a taxon-targeted selection of specific commensal bacteria from fish eggs with the potential to mitigate Saprolegniosis.
Frondihabitans (previously named Frondicola) was originally isolated from fallen leaf litter from a pine forest in Australia (Zhang et al., 2007; Greene et al., 2009) and has also been isolated from lichens (Cardinale et al., 2011) and the rhizosphere of Peucedanum japonicum (Lee, 2010) . However, association with freshwater environments has not previously been reported. The means by which Frondihabitans limits hyphal attachment of S. diclina to the salmon eggs is not known. The observation that hyphal expansion of the pathogen from the inoculum sources was not inhibited by the Frondihabitans isolate (Supplementary Figure 5a) and that the bacterium did not show in vitro antagonism (Figure 4b ) suggests that antibiosis via (water-soluble) secondary metabolites is most likely not a key mechanism of pathogen control. Microscopic analysis further demonstrated that zoospores of S. diclina were not negatively affected by the presence of Frondihabitans sp. However, the role of zoospores in pathogenesis is unclear as no zoosporeinitiated secondary infection was observed throughout the experiment. Successful colonization of salmon egg surfaces by the Frondihabitans isolate may point to competitive niche exclusion as one of the underlying mechanisms of disease suppression.
The impact of the microbiota on host health and development is gaining increasing attention. For humans, environmental changes or infections can substantially influence the gut microbiome by causing blooms of microbes that are otherwise present at low abundance (Stecher et al., 2013) .
Human gut microbiomes can significantly drive or suppress disease development (Round et al., 2010; Everard et al., 2013) . Although less diverse, the gut microbiome of insects also influences host development by increasing nutrient uptake and stimulating host immunity maturation (Weiss and Aksoy, 2011) . Similarly for plants, endophytic, rhizospheric and phyllospheric microbiota play an important role in the protection against biotic and abiotic stress factors (Vorholt, 2012; Bulgarelli et al., 2013; Mendes et al., 2013; Turner et al., 2013) . Here, we showed a significant correlation between the incidence of Saprolegniosis and the richness and evenness of specific bacterial genera associated with salmon eggs. These results indicate that along with established factors influencing disease susceptibility, such as genetic inheritance (broodstock effect), developmental stage of the salmon eggs, environmental and other stress conditions (Hansen and Olafsen, 1999) , the microbiota are also a determining factor in health and disease of fish eggs that have an immature adaptive immune system and depend on other defences for protection. In terms of genetic inheritance, components of the complement immune system were shown to be maternally transferred to the eggs for rainbow trout, zebrafish and amphibian eggs (Lovoll et al., 2006; Poorten and Kuhn, 2009; Wang et al., 2009; Walke et al., 2011) , and a paternal genetic component contributed to resistance against Saprolegnia in frog eggs (Sagvik et al., 2008) . The relative contribution of the genetic inheritance, the fish egg microbiome or their interplay to protect against Saprolegniosis is not clear yet. Hence, our current and future experiments on Saprolegniosis focus on the temporal dynamics of microbial communities on salmon eggs of different broodstocks and how these community changes affect egg and disease development. These studies will give insight into the recruitment of beneficial commensal bacteria, like Frondihabitans and other genera, during egg development and the transfer of specific microbiota via the mother during spawning.
Aquaculture has emerged as the fastest growing animal food-producing sector, in part as a response to regulations that seek to prevent overfishing of wild oceanic populations (Bruno et al., 2011) . Environmental regulations have restricted the use of chemical control agents (malachite green, formalin) in aquaculture production systems and alternative treatments such as hydrogen peroxide, NaCl and seawater flushes are not as effective (Bruno et al., 2011; Van den Berg et al., 2013) . Given the importance of aquaculture for long-term food security, there is a strong need for sustainable means to mitigate Saprolegniosis and other emerging diseases. Our results provide a strong basis for the selection of beneficial microorganisms that can act as a first line of defence. Similar strategies can be used to mitigate other diseases including those that threaten wild populations of fish and amphibians. for the provision of genomic DNA extraction protocol for oomycete isolates. We thank Viviane Cordovez da Cunha (Wageningen University) for her help in culturing and characterization of Actinobacteria. This work was financially supported by SAPRO (Sustainable Approaches to Reduce Oomycete (Saprolegnia) Infections in Aquaculture), a Marie Curie Initial Training Network funded by the European Commission (EC) under Framework Program 7. Javier Diéguez-Uribeondo was supported by grant of MINECO CGL2012-39357. PhyloChip hybridizations and initial data analyses were performed at Second Genome, CA, USA. This manuscript is publication number 5586 of Netherlands Institute of Ecology (NIOO-KNAW).
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